Enophytic fungi were isolated from plum (Prunus domestica) leaves, identified with ITS1 and ITS4 primers, and their antagonistic activity was tested against Monilinia fructicola, which causes brown rot, blossom blight, and twig blight of stone fruits, and Colletotrichum gloeosporioides, which causes anthracnose on a variety of fruit crops. The production of antifungal compounds was determined in agar-diffusion and volatile inverted-plate tests. A total of 163 fungi were recovered from 30 plum trees, representing 22 cultivars. Twenty-nine morphotypes were detected, but only 14 species were identified genetically. The most frequently isolated species was Phaeosphaeria nodorum, constituting 86.5% of the total isolates. Four isolates produced inhibitory volatiles to M. fructicola; however, no isolate produced volatiles inhibitory to C. gloeosporioides. The volatiles produced by these fungi were identified as ethyl acetate, 3-methyl-1-butanol, acetic acid, 2-propyn-1-ol, and 2-propenenitrile. The fungal volatiles inhibited growth and reduced width of the hyphae, and caused disintegration of the hyphal content. This is the first study describing fungal endophytes in stone fruits. The P. nodorum strains producing inhibitory volatiles could play a significant role in reduction of M. fructicola expansion in plum tissues. Potential of these strains for biological control of this pathogen on stone fruits warrants further investigation.
Endophytes are endosymbionts, i.e., microorganisms that live inside healthy plants. These microorganisms, fungi or bacteria, can grow inter-or intracellularly (8, 27) . Endophytes can be transmitted from one plant to another by seeds, and can infect plants through injured tissue, natural openings in the epidermis (e.g. the stomata and lenticels), or by cuticular penetration. After entering, endophytic fungi disseminate systemically throughout the plant and inhabit mainly its aerial parts, conducting vessels, intercellular spaces, or the cell's interior (4, 8) .
Usually, the endophyte community of a host is composed of a few dominant species and a diverse residual population. Some endophytic microorganisms are very species specific, while others are able to colonize multiple plant species (8, 30, 34) .
Endophytes from leaves of woody angiosperms are especially diverse but are understudied, and these hosts could harbor thousands of undescribed species (4) . Because of the great number of strains and other difficulties, e.g., the absence of reproductive structures, studies of endophyte diversity normally use morphospecies characteristics to measure and quantify the richness and diversity of these microorganisms (3). Lacap et al. (23) showed that there is a relationship between morphospecies and the sequences of rDNA obtained from them. However, the criteria used to describe morphospecies are very subjective, and the relationships between morphological and molecular classifications can be variable.
Stone fruit trees are a group of plants that can be used as a model for endophyte studies. They are cultivated worldwide and have a great economical importance (1) . Stone fruits are usually marketed either immediately after harvest or only after short storage, mainly because of changes in fruit physiology and decays caused by several fungi. Brown rot, caused by Monilinia fructicola (Winter) Honey, Monilinia fructigena (Aderhold and Ruhland), and Monilinia laxa (Aderhold and Ruhland), is the most important postharvest decay on stone fruit (9) . These fungi can also cause blossom blight, twig blight, and brown rot of fruit in the orchard. Similar to Monilinia spp., the genus Colletotrichum is one of the most important genera causing fruit decays in subtropical and tropical regions (5, 11) .
Plant hosts have been the best places to obtain good antagonists against pathogens attacking those hosts, and studies on biological control of plant diseases have focused on isolating antagonists from the phyllosphere, carposphere, and rhizosphere of a plant (6, 9, 18, 19, 29, 40). Biological control of plant diseases on the above-ground parts of fruit trees has been variable, mainly because of the negative effect of fluctuating environmental conditions on microorganisms; however, control of fruit decays after harvest with carposphere-isolated microorganisms have been very consistent (19, 20) . In addition, endophytic fungi isolated from tropical plants and producing volatiles inhibitory to fruit pathogens have been effective in controlling fruit decays after harvest (25) , as well as endophytic bacteria isolated from various deciduous fruit trees and vegetables (31) .
The objective of this work was to isolate endophytic fungi from plum leaves, to determine if they produce compounds inhibitory to M. fructicola and Colletotrichum gloeosporioides (Pen.) Sacc., and to characterize those inhibitory substances.
MATERIALS AND METHODS
Sample collection and isolation of fungal endophytes. Thirty plum trees (Prunus domestica L.), 15 years old and representing 22 cultivars, were sampled from a single orchard at the U.S. Department of Agriculture (USDA) Appalachian Fruit Research Station (AFRS; Kearneysville, WV) in mid-August 2011. From a single branch of each tree, three healthy leaves were collected: one young obtained from the apical part of the branch (leaf, 2.5 to 3.5 cm long), one old from the branch base (8 to 11.5 cm long), and one of intermediate maturity from the middle part of the branch (5 to 7 cm long). From each leaf three 0.5-cm 2 pieces were cut, resulting in a total of 270 fragments (see ''Supplemental information plum endophytes JFP,'' available at http://www.ars.usda.gov/pandp/docs.htm?docid~17505).
The leaf sample fragments were surface sterilized by successive dipping in 2% Extran detergent (Sigma-Aldrich, St. Louis, MO) for 2 min, 70% ethanol for 1 min, 2% sodium hypochlorite for 3 min, and then by washing with sterile distilled water for 2 min; they were then placed on potato dextrose agar (PDA; Difco, BD, Sparks, MD) containing 100 mg ml 21 chloramphenicol (34) . The sterile water wash was plated on PDA to confirm external disinfection. Plates were incubated for up to 60 days at 25uC. The mycelia from the margins of fungal colonies growing from the leaf fragments were transferred to fresh PDA and further purified by transferring hyphal plugs to new PDA plates.
Endophyte identification. The fungal isolates were grown in 250-ml Erlenmeyer flasks containing 50 ml of potato dextrose broth. Seven-day-old cultures of the isolates were centrifuged at 4,500 | g for 15 min; pellets were frozen in liquid nitrogen and kept at 280uC. DNA was extracted from tissue by using the ZR Fungal/Bacterial DNA MiniPrep kit (Zymo Research, Irvine, CA). The internal transcribed spacer (ITS) region of nuclear rDNA was PCR amplified from genomic DNA by using ITS1 (59-TCCG-TAGGTGAACCTGCGG-39) and ITS4 (59-TCCTCCGCTTATT-GATATGC-39) primers (46) . The ITS region is widely used in fungal taxonomy because it has a high degree of variation, even between closely related species, and can be easily amplified because of high copy numbers. The PCR mixture consisted of 0.5 ml of Taq polymerase (Invitrogen Life Technologies, Carlsbad, CA), 4 ml of each deoxynucleoside triphosphate (2.5 mmol l
21
), 5 ml of PCR buffer (10|), 5 ml of magnesium chloride (2.5 m mol l 21 ), 1 ml of each primer (10 m mol l 21 ), and 100 ng of DNA template; the final volume was adjusted to 50 ml with water. The PCR conditions were 95uC for 5 min; then 39 cycles consisting of 94uC for 60 s, 45uC for 60 s, and 72uC for 60 s; and a final extension at 72uC for 5 min. Amplified DNA was purified with the Wizard SV Gel and PCR Clean-up System (Promega, Madison, WI). Sanger sequencing was conducted by Macrogen, Inc. (Rockville, MD). The sequences were subjected to Basic Local Alignment Search Tools N and X analyses for homology against the nucleotide and nonredundant protein sequence databases, respectively, at the National Center for Biotechnology Information (Bethesda, MD). CLC Genomic Workbench ver. 4.7 (CLC Bio, Aarhus, Denmark) was used to align the sequences and construct the phylogenetic tree. The phylogenetic tree was constructed with the neighbor-joining algorithm, with bootstrap values calculated from 1,000 replicate runs (see supplemental information at http:// www.ars.usda.gov/pandp/docs.htm?docid~17505).
Quantification of the rate of isolation and fungal diversity. The rate of isolation of endophytic fungi per leaf fragment (disc) was calculated as follows: IR~NI/NT, where IR is the isolation rate, NI is total number of isolates obtained from all leaf discs, and NT is the total number of leaf discs (16) .
Species and morphospecies accumulation curves, showing the relationship between the number of plants sampled and the number of fungal species identified genetically or as morphospecies observed, were made with EstimateS 8.2.0 software (http:// viceroy.eeb.uconn.edu/EstimateS).
Shannon's index of diversity was estimated from the relative abundance of each taxon identified (47) . Species richness (D index) was described by the equation: D~S 2 1/log N, where N is the total number of isolates, and S is number of different species or morphospecies (24).
Pathogens. M. fructicola (WV-MF7) and C. gloeosporioides (CG-162) were used as target organisms in screening endophytic fungi for production of inhibitory substances. The isolates were stored as conidial suspensions in 15% glycerol at 280uC and were activated on PDA as needed. They were originally isolated from a decayed peach in West Virginia and from strawberry in Florida, respectively (17, 44) .
Antagonistic tests. The endophytic fungi were tested for production of agar-diffusible and volatile inhibitory substances against both pathogens in vitro. An agar plug (5 mm in diameter) taken from the margin of actively growing colonies of endophytic fungi on PDA was placed face down on one side of a plate containing PDA, incubated for 3 days at 25uC, and a similar plug of each pathogen was placed 3 cm apart on the other side of the plate. After 5 days of incubation at 25uC, the diameter of the pathogen colonies were measured and compared with the control (pathogen alone). A similar test was performed to determine inhibition of spore germination, where 15-ml drops of a spore suspension (2.0 | 10 5 spores ml 21 ) of each pathogen were placed on the PDA plate instead of the agar plug. There were three replications per treatment.
Tests for production of inhibitory volatiles were similar, except that divided plates were used, and they were sealed with Parafilm to prevent diffusion of volatiles from the confinement of plates. The controls consisted of the inoculation of each pathogen in the media without the endophytic fungus. All isolates that inhibited pathogens in the first test were retested three times, with five replications each. In the second test, an agar plug was placed face down on one plate containing PDA, incubated for 3 days at 25uC, and a similar plug of each pathogen was placed on another plate. After cover removal, the PDA dish inoculated with one of the pathogens agar plug was covered with the dish containing an investigated antagonist, and the set of the double dishes was sealed with several layers of Parafilm. After 5 days of incubation at 25uC, the diameters of the pathogen colonies were measured and compared with the control.
Microscopic observations. The margin of pathogen's colonies exposed to endophytes volatiles was cut, mounted on microscopic slides, and stained with lactophenol cotton blue. Nonexposed pathogens served as controls. The slides were examined with an Axiophot microscope (Carl Zeiss, Oberkochen, Germany), and the images were captured with a DP 71 camera (Olympus Corp., Tokyo, Japan) by using Olympus DP2-BSW software, version 1.2.
Characterization of volatile compounds. Glass jars (200 ml) equipped with screw tops and rubber septa, each containing 75 ml of PDA, were inoculated with three mycelia plugs taken from the margin of 7-day-old colonies of endophytes grown on PDA and incubated for 14 days at 25uC. A jar with sterile PDA was used as control. The fungal volatiles in the air space above the cultures were trapped with solid-phase microextraction (SPME). An SPME device containing a divinylbenzene-carboxen fiber (Sigma-Aldrich) was preconditioned at 270uC for 1 h. The SPME fiber was inserted through the septum into the headspace for 30 min, and then desorbed in the gas chromatography-mass spectrometer (GC-MS) inlet (Clarus 500, PerkinElmer, Waltham, MA) at 250uC for 5 min under splitless conditions, after which the split ratio was set to 50:1. The GC-MS system was equipped with a DB-5MS capillary column (25 m long, 0.2-mm inside diameter, 0.33-mm film thickness; Agilent Technologies, Wilmington, DE). The oven was held at 30uC for 5 min and then ramped at 8uC min 21 to 225uC. The injection port and mass spectrometer were set at 250 and 150uC, respectively. A helium carrier gas flow of 1 ml min 21 was used. Mass spectra were deconvoluted and peaks identified with AMDIS and NIST 08 software (National Institute of Standards and Technology, Gaithersburg, MD). Only compounds found in both runs, not detected in blanks, and identified at 80% match or better are reported.
Statistical analysis. The data obtained from the germination and growth of spores of M. fructicola exposed to active volatile compounds from endophytes fungi were log transformed [yl og(x z 1)], and analysis of variance was performed with SAS (version 9.0, SAS Institute Inc., Cary, NC). Treatment means were separated with the Waller-Duncan k-ratio t test.
RESULTS
In total, 163 endophytic fungi were recovered from 270 samples obtained from leaves of 30 plum trees from 22 cultivars (see the table in ''Supplemental information plum endophytes JFP,'' available at http://www.ars.usda.gov/ pandp/docs.htm?docid~17505). The isolation rate per sample was 0.60; the average number of isolated endophytes per plant was 5.43. No microorganism grew from the final rinse water after leaf surface sterilization, indicating that the sterilization procedure was effective. Twentynine morphospecies were detected. However, results from sequencing efforts confirmed the presence of only 14 species. The most frequently isolated species was Phaeosphaeria nodorum (E. Müll.) Hedjar., with 143 isolates constituting 86.5% of the total isolates; the second was Sordaria macrospora Auerswald with 7 (4.3%) isolates. Three species were isolated two times and the other nine species were represented by only one isolate (Table 1) . Among the nine singletons, only four were identified at the species or genus level. The species richness varied from 5.87 to 12.65 by using species and morphospecies criteria, respectively.
Both morphospecies and species accumulation curves indicate that saturation was not reached, and that increasing the number of plants analyzed could yield additional species (Fig. 1A and 1B ). Shannon's index of diversity was 0.7 and 2.41 for species and morphospecies, respectively. From the youngest leaves, 47 fungi representing eight species were isolated, from the medium age leaves 57 fungi representing six species, and from the mature leaves 59 fungi representing five species (Table 1) . The phylogenetic tree revealed the presence of a few large and many small clusters, and several singletons, indicating genetic diversity of these isolates (see supplemental information at http:// www.ars.usda.gov/pandp/docs.htm?docid~17505).
The phenotypic variation is well exemplified by P. nodorum, for which only four isolates produced volatiles that inhibited germination of M. fructicola spores (Table 2 and Figs. 2 through 4). The most effective was isolate 30-1B (Fig. 4) . The bars in Figure 4 do not fully reflect the degree of inhibition because often, sporadically grown individual hyphae increased measurements of the diameter of the colonies (Fig. 2) . None of the remaining 159 endophytes inhibited spore germination or mycelial growth of M. fructicola by volatiles. The volatiles did not inhibit spore germination or mycelia growth of C. gloeosporioides. Fiftynine isolates produced agar-diffusible substances inhibitory to spore germination of C. gloeosporioides and 32 to M. fructicola. Of these, 14 inhibited spore germination of both pathogens. Mycelial growth of C. gloeosporioides and M. fructicola was inhibited by 17 and 22 isolates, respectively. Five volatile compounds were identified ( Table 2 ). The composition of the identified volatiles varied among isolates. The microscopic observations of the interactions between M. fructicola and the endophytes producing inhibitory volatiles showed alterations in the pathogen hyphae (Fig. 3) . The hyphae in the control treatments were wider, straighter, and showed a regular cell structure with homogenous cytoplasm, while exposure to the volatileproducing endophytes resulted in thin, curly hyphae, with disintegration of the hyphal content and appearance of many unstained empty spaces.
DISCUSSION
The isolation rate for endophytes is generally variable (4) . In this study, we obtained similar rates of isolation to those observed in other plants from temperate climate (45), but much lower compared with tropical environments (16) . The species richness varied, depending on the grouping method, and for morphospecies was higher than for species. This difference is because of high phenotypic variation in this endophyte community (2). Compelling evidence for this FIGURE 1. Endophyte species (A) and morphospecies (B) accumulation curves in relation to number of plum trees from which they were isolated. The endophytes were isolated from leaves of plum trees in an orchard at the AFRS at Kearneysville, WV, in mid-August 2011. The dotted lines represent 95% confidence intervals. TABLE 2. Volatile substances produced by endophytic strains of Phaeosphaeria nodorum isolated from plums and grown in sealed jars on PDA medium for 14 days at 25uC
Volatile compound Phaeosphaeria nodorum strain: variation is that only 4 of 141 isolates of P. nodorum produced antifungal volatiles. As expected, similar to previous reports, the isolated endophytes were dominated by one species, and the other species were rare (2, 8, 35) . P. nodorum, the dominant species, was obtained from 29 of 30 plants sampled. This species can incite Sepatoria glume blotch on wheat (Triticum aestivum L.) (7, 22) and has been found to live as an endophyte in Magnolia liliflora Desrouss. trees and the tropical sea grass Enhalus acoroides (L. f.) Royle (32, 39) . Some evidence suggests that endophytes have evolved directly from plant pathogenic fungi, and some innocuous endophytes can cause pathogenic symptoms when the host is under stress (12) .
Despite the difference in numbers of taxa generated by species and morphospecies criteria, both accumulation curves indicate the probability of obtaining more taxa with more sample collections. Shannon's index of diversity, based on morphospecies criteria, was more than three times greater than when based on species criteria, which can be explained by high intraspecies diversity (8) .
The frequency of isolated endophytic fungi was well distributed among leaf age, with a tendency to increase in older leaves. Many reports indicate that the number of strains increase proportionally to the leaf's age, mainly because young, developing leaves contain high concentration of chemicals with antifungal activity, which diminishes as the leaf matures, and/or because of the time required to colonize leaves (2, 4, 12, 16, 38) . On the other hand, the number of species present in each group of leaves was larger in young leaves. Only the most dominant species was detected in all the three leaf age groups, but the other four plural (occurring more than once) species were detected in leaves with at least two different ages. This distribution can result from an internal competition among the endophytes. This is supported by the observation that, frequently, the dominant species is also the best producer of bioactive substances, such as volatiles or other inhibitory compounds (30, 43) .
Our observation of a great variation in species and morphospecies among P. nodorum isolates are similar to those of Keller et al. (22) , who reported that field populations of P. nodorum exhibit a high degree of genotypic diversity on very small spatial scales. In one case, seven different genotypes were collected from a single leaf.
Interestingly, all 17 isolates that inhibited mycelia growth of C. gloeosporioides by agar-diffusible substances also inhibited growth of M. fructicola. Among the 4 isolates that produced inhibitory volatiles, only isolate 23.2A produced agar-diffusible inhibitory substances, and they were inhibitory to both pathogens.
Microscopic observations of mycelial morphology of M. fructicola, exposed to P. nodorum-producing inhibitory volatiles, showed similar alterations to those in other fungi exposed to different inhibitory volatiles substances like essential oils (13, 26, 28) . Isolate 30-1B was most inhibitory to M. fructicola but produced only two volatile substances, ethyl acetate and acetic acid. Fredlund et al. (15) observed that ethyl acetate, a product of glucose metabolism, is a common factor in fungal inhibition. Ethyl acetate has a high 50% lethal dose value and is generally regarded as having low toxicity (37) . Acetic acid has been commonly used in medicine for more than 6,000 years for the disinfection of wounds or inhibition of the microbial growth in various foods. This acid, classified as a substance generally recognized as safe, has been used as a natural food preservative for many years, and its germicidal effects have been proved in many foods such as meats and pickled foods (21, 36). Chen et al. (14) reported that treatment of apples with acetic acid at concentrations of 2 to 5% at ambient temperatures for 5 min can prevent growth of pathogen Penicillium expansum (Link) Thom., which causes blue mold of apple. Similar results were obtained against various pathogens on stone fruits, table grapes, citrus fruit, and pears (10, 33, 41, 42) . Thus, the role of the endophytes producing inhibitory substances to M. fructicola in reducing severity of diseases of stone fruit trees (flowers, twigs, and fruit infections) caused by this pathogen warrants further investigation.
